Abstract-Deep brain stimulation (DBS) injects a high frequency current that effectively disables the diseased basal ganglia (BG) circuit in Parkinson's disease (PD) patients, leading to a reversal of motor symptoms. Though therapeutic, high frequency stimulation consumes significant power forcing frequent surgical battery replacements and causing widespread influence into other brain areas which may lead to adverse side effects. In this paper, we conducted a rigorous study to assess whether low frequency signals can restore behavior in PD patients by restoring neural activity in the BG to the normal state. We used a biophysical-based model of BG nuclei and motor thalamus whose parameters can be set to simulate the normal state and the PD state with and without DBS. We administered pulse train DBS waveforms to the subthalamic nucleus (STN) with frequencies ranging from 1-150Hz. For each DBS frequency, we computed statistics on the simulated neural activity to assess whether it is restored to the normal state. In particular, we searched for DBS waveforms that suppress pathological bursting, oscillations, correlations and synchronization prevalent in the PD state and that enable thalamic cells to relay cortical inputs reliably. We found that none of the tested waveforms restores neural activity to the normal state. However, our simulations led us to construct a novel DBS strategy involving low frequency multi-input phaseshifted DBS to be administered into the STN. This strategy successfully suppressed all pathological symptoms in the BG in addition to enabling thalamic cells to relay cortical inputs reliably.
I. INTRODUCTION n estimated 6.5 million people world-wide have Parkinson's Disease (PD), a chronic progressive neurological disorder that occurs when midbrain dopamine neurons of the substantia nigra projecting to the basal ganglia degenerate, causing tremor, rigidity, and bradykinesia [4] . While there is currently no medical treatment to stop disease progression, deep brain stimulation (DBS) injects a current that alters the neural activity of the diseased brain circuit, leading to a reversal of PD symptoms. When appropriately stimulated, patients can regain control of movement and reduce medication use [6] .
Although DBS may be the most effective therapy for PD today, the typical stimulation signal is a high-frequency train of square pulses (>100 Hz) which consumes significant power. Consequently, stimulator batteries have to be replaced surgically every 3-5 years for PD patients [4] . There is also evidence that chronic high-frequency stimulation has widespread influence to cortical areas that may cause adverse side-effects such as cognitive impairment and neuropsychiatric effects in PD patients [2] [21][31] [32] .This can cause the DBS system to be ineffective if the side effects are intolerable.
It is important to understand how high-frequency DBS works, as this understanding may lead us to low-powered alternatives. Unfortunately, the basic mechanisms underlying how DBS works are still not fully understood. One hypothesis is based on the similarity of clinical results between DBS and ablative surgeries, where lesions are made in particular basal ganglia (BG) nuclei in the latter [20] [22] . In 2004, Rubin and Terman constructed a biophysical model of the BG and proposed that DBS works by replacing the pathological rhythmic output of basal ganglia with highfrequency tonic firing [27] . Due to this high-frequency tonic firing, basal ganglia neurons lose their ability to modulate neuronal activity of neighboring structures, including its output to the thalamus, and thus in a way mimic a lesion in the area. Such suppression of pathological patterns in the BG circuit may minimize PD motor symptoms. This intuition is supported by experimental data in monkeys and humans [12] [16] .
A recent study used the Rubin-Terman model of the BG and motor thalamus to show that low-frequency stimulation may restore neuronal activity in the globus pallidus internus (Gpi) and motor thalamus to more normal conditions [14] . Specifically, Feng et al used a genetic algorithm to search over two classes of DBS input signals applied to the subthalamic nucleus (STN) to find stimulation that enables the thalamic cells to track sensorimotor cortical input and which reduced pathological correlation between globus pallidus internus (Gpi) cells. They showed that certain low frequency pulse train waveforms and stochastic pulse train waveforms (inter-pulse-interval is random) are therapeutic. However, they did not analyze how these DBS signals impact the pathological synchronization in the BG neurons.
Here, we use the Rubin-Terman model to generate data under both normal and PD conditions with and without DBS. We apply square pulse train DBS waveforms into the STN at frequencies ranging from 1Hz-150Hz, and search for waveforms that generate neuronal activity in the BG and thalamus that resemble BG and thalamus activity observed under normal conditions. Our optimality criterion is more stringent than those used in Feng et al described above in that we require the DBS input to eliminate pathological bursting activity, 10-30Hz oscillations, synchronization and correlation within all neurons in globus pallidus externus (GPe), STN, and GPi. Furthermore, we require that thalamus neurons relay the sensorimotor input from cortex. 
Restoring the Basal Ganglia in
multitaper Fourier transform [7, 8] . T is the time window for which we ran the simulations (3000 ms). We discarded the first 500 ms of data to filter out transient responses. Therefore, in our case T=2500 ms. F is ଵ ଶο୲ ǡ ο ൌ ͲǤʹ is the time step. Now we define the error between power spectral density of PD with DBS frequency, ݂ǡ and normal as:
ܲ ሺ߱ሻ ே is the spectral density for the normal state. We define the mean error in structure ݅ as:
Here ܰ is the number of neurons in the structure ݅. Under Normal conditions with no DBS we found that power spectrum ܲ ሺ߱ሻ is almost flat, with no significant peak at any frequency and hence this error takes into account both bursting and oscillations errors. This is because if a neuron is oscillating or bursting then there will be peaks in the ܲ ሺ߱ǡ ݂ሻ and hence the error Ԫ becomes large, in absence of any peak in ܲ ሺ߱ǡ ݂ሻ, Ԫ remains small. neurons in each structure. This is because in our models the combined activity from an ensemble of neurons in one structure is projected to the neurons from different structures or the same structure. To quantify cross activity, we define the following two measures.
Correlation and Synchronization

Correlation:
We computed the cross-power spectrum and define correlation between neuron ݆ ܽ݊݀ ݆Ԣ in structure ݅ as:
The mean correlation within structure ݅ is then
ܰ is the number of neurons in structure ݅ and ݂ is the DBS frequency.
Synchronization:
In our models, if spike events in two different neurons continuously occur together in time, then the neurons are synchronized and their contribution to a synaptic input to other neurons add up. To measure synchronization between neurons ݆ ݆Ԣ in structure ݅, we compute
We average ሺ݂ሻ over structure ݅ to define synchronization for a structure as:
4. Thalamic Relay Reliability: Thalamic reliability is similar as ܴ݈݁ parameter defined in [27] . Sensorimotor cortical information is modeled as a train of pulses ݅ ௦ . In the ideal case, thalamic cells should spike when there is a pulse in ݅ ௦ . In the normal state, thalamic cells almost always spike in unison with ݅ ௦ pulses. However in the PD state, thalamus reliability decreases. To quantify this, we define the following measure:
(8) N is the number of neurons in thalamus. We are using 25 ms period because the period of sensory motor input ‫ܫ(‬ ௦ ሻ to thalamus is 25 ms. We focused on the standard square-pulse train DBS inputs with amplitude ‫ܫ(‬ ሻ, frequency ሺ݂ሻǡ and on duration (‫ܦ‬ሻ:
In addition to regular DBS signal described above, we used multi-input phase shifted DBS (MIPS-DBS) signal described by following equation:
߶ ൌ ݆ߨȀͶ (10) Here ݆ is the STN neuron to which pulse is applied. Note that ݂ is the frequency in Hertz and ‫ܦ‬ is the duration of each rectangular pulse of ‫ܫ‬ ௗ௦ . We fixed ‫ܫ‬ ൌ ʹͲͲ ఓ మ and ‫ܦ‬ ൌ ͲǤ ‫ݏ݉‬ and allowed the frequency to vary as ݂ ൌ ݂݇ ǡ ݇ ൌ ͳǡʹǡ͵ǡ ǥ.The amplitude and duration of each are identical to those used in [27] . We conducted all our simulations in XPPaut [13] and Matlab® R 2009a (Mathworks). The numerical method used is an adaptive- We see from Figure 2A , three measures in GPi, generally increase with frequency with the exception of a "dip" in the power spectrum error in the 9Hz range. Although the power spectra in these frequency ranges are close to normal, correlations and synchronization are prevalent at these frequencies. Consequently, thalamic reliability is worse in the 9Hz region. This led us to believe that if we disrupt the bursting in each neuron with the same input, but phaseshifted for each neuron, we could also desynchronize the STN neurons and perhaps Gpe and Gpi neurons would follow. Figure 2B , plots the three measures for GPi in case of shifted DBS. We see that GPi synchronization becomes almost equal to normal condition at 9 Hz, and thalamus reliability goes very high at 9 Hz. The Ԫ is also low as compared to HF DBS.
In our models we use one DBS input per STN neuron to desynchronize each GPi neuron pair, such a high number of DBS input is unpractical. However, we only need to desynchronize clusters of GPi neurons projecting to the same thalamus neuron. Also, degree of synchronization present in PD state will also determine the number of DBS inputs. It may be the case that these two factors may result in number of DBS inputs which would be more practical for implementation purposes.
It is important to note that there have been several studies that look at designing closed-loop DBS strategies to desynchronize neural circuits which can lead to phasedelayed stimulation [ [28] . That is, our approach is expected to give similar results on different models, with minor changes, provided that such models describe the main features of BG in normal and PD conditions. Later we aim to test this approach on primates.
